Introduction
Remote sensing of ocean color from space provides the only means to monitor phytoplankton pigment concentration and primary production on a global scale. Large-scale, long-term information on these parameters is necessary to improve our understanding of biogeochemical (carbon, nutrient) cycles [e.g., Joint Global Ocean Flux Study (JGOFS), 1987; Abbott et al., 1994] . However, deriving marine spectral reflectances from top of atmosphere (TOA) radiances in the visible and nearinfrared is not easy because of the interference of atmospheric scattering and absorption. Typically, 90% of the TOA signal is composed of photons that have not interacted with the water body [e.g., Viollier et al., 1980] and, thus, do not contain information on water composition.
The difficulty of the atmospheric correction problem has been identified early with the coastal zone color scanner (CZCS), the first space experiment dedicated to ocean color . CZCS provided data from 1978 through 1986. The next generation of instruments, such as the sea-viewing wide field of view sensor (SeaWiFS) Copyright 1998 by the American Geophysical Union.
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0148-0227/98/98J C-02062509.00 Hooker and Esaias, 1993] , will improve the accuracy of the marine reflectance estimates. SeaWiFS has upgraded radiometric performance and additional wavelengths in the near-infrared for more efficient atmospheric correction [Gordon and Wang, 1994] . The launch of the ocean color and temperature scanner (OCTS) and the polarization and directionality of Earth reflectances (POLDER) radiometer [Deschamps et al., 1994] on ADEOS in 1996 and of SeaWiFS on SeaStar ] in 1997 will be followed by the launch of the moderate resolution imaging spectrometer (MODIS) [Ardanuy et al., 1991] Atmospheric correction algorithms attempt to retrieve the actual value of the marine reflectance from TOA measurements. Some atmospheric effects are straightforward to correct, either because they can be computed using auxiliary data or because they are weak. Molecular scattering is important at, shorter wavelengths, but can be computed almost exactly knowing the surface pressure and the value of the solar constant [Gordon et al., 1988; Andr• and Morel, 1989] . Ozone transmission can be computed accurately using an exogen total ozone content. Water vapor transmission is usually negligible red. One had to (1) assume a given aerosol type and spectral dependence of the aerosol scattered radiance and (2) restrict the processing to ocean cases where the marine reflectance at 670 nm could be neglected [Gordon et al., 1983] . At least two measurements in the near-infrared at wavelengths above 700 nm are necessary to determine correctly the spectral dependence of the aerosol radiance and the aerosol type. From these measurements the correction for aerosol scattering can be extrapolated to shorter wavelengths, either analytically [Deschamps et al., 1983] or with the help of aerosol models, as proposed by Gordon and Wang [1994] .
The choice of aerosol models to guide the spectral extrapolation of aerosol radiance raises two main questions, which both require in situ measurements: (1) Are the models representative of aerosol conditions encountered ocean-wide? (2) What type of in situ measurements should be made to verify the atmospheric correction algorithm, that is, to evaluate its performance?
In situ atmospheric optics measurements are not easy to perform at sea, from a ship or any platform. A few Sun photometer measurements have been reported [ [Obleitner, 1992] . Only a few studies address the problem of observing sky radiance, and thus the path radiance in the backward direction, at a scattering angle corresponding to space observations [Kaufman, 1993; Kaufman et al., 1994] .
To provide answers to the above questions (representation of the models, type of in situ measurements), one needs to acquire atmospheric optics data under sufficiently varied aerosol conditions. The data should be collected prior to the launch of the ocean color instruments, so that recommendations and conclusions can be acted upon during the operational phase of the missions. It was our main motivation to establish, before the launch of SeaWiFS, the next ocean color sensor, a permanent atmospheric optics station on a coastal site in southern California. The measurements were performed systematically during the winters of 1993 and 1994. The measured or directly derived physical variables included spectral aerosol optical thickness and sky radiance at wavelengths used in ocean color remote sensing, that is, in the range 0.4-1 txm.
Background

Atmospheric Correction Algorithms
The therefore, is very similar to that of the aerosol optical thickness ra(X), often given as a power law: Gordon [1997] ).
Schematically, Gordon and Wang [1994] proposed first to compute exactly the radiative transfer in the ocean-atmosphere system for a set of reference aerosol models. Then, the wavelength dependence of the aerosol scattering is derived using the measurements in the near-infrared at 765 and 865 nm, and the (two) closest aerosol models are determined. Eventually, the aerosol correction at ocean color wavelengths is estimated by interpolation between the exact solutions for the two aerosol models and applied to the measurements.
Multiple scattering is fully accounted for in this algorithm, but the algorithm relies strongly on the choice of the aerosol models. Gordon and Wang [1994] used nine reference aerosol models, namely, the Shettle and Fenn [1979] maritime and tropospheric models with a humidity variation of the aerosol optical properties and a coastal aerosol model, actually a mixing of the maritime and tropospheric models. The humidity is. set at 70%, 90%, and 98%. These models may or may not be realistic. Shettle and Fenn [1979] developed their models using samples of aerosols for which they derived the optical characteristics. In atmospheric corrections we are more interested in the optical behavior of the aerosols through the entire atmosphere. Fenn [1976, 1979] , who used ground-based as well as aircraft measurements of concentration, size distribution, and optical properties of tropospheric aerosols. Both types of models are mixtures of basic components referred to as "water soluble" and "dust-like," which are representative of midlatitude soils, a "soot-like" component, which results from combustion and industrial sources, and an "oceanic" component, which is composed of seawater injected in the atmosphere by the wind. The main differences between the SF and WMO models are in the relative amount and the way the components are mixed. In the case of the WMO models, Mie theory is applied to each component to compute the optical parameters. The size distribution is a lognormal law. These optical parameters are mixed to obtain the final aerosol models. In the case of the SF models, the size distribution is a lognormal law with one or two modes applied to the mixtures of the basic components described above. The size distribution and the refractive index of the basic components both are altered by relative humidity. The mode radius of the size distribution, not its width, is changed with relative humidity according to the work of Hiinel [1976] . As a result, Shettle and Fenn [1979] give an equivalent refractive index for specific relative humidities of 50%, 70%, 80%, 90%, 95%, 98%, and 99%, as well as tables of scattering and absorption coefficients obtained from Mie scattering computations in the spectral range 0.2-40/xm.
As indicated in the previous section, the models selected by Gordon and Wang [1994] for the atmospheric correction of SeaWiFS data are the SF tropospheric and maritime models for relative humidities of 70%, 90%, and 98%. The maritime models are actually the tropospheric models with the addition of sea-salt aerosols. Gordon and Wang [1994] add three additional coastal models that contain half the fraction of sea-salt aerosols of the maritime models.
The phase functions at 870 nm for specific scattering angles of 60 ø, 90 ø, and 120 ø are given in Table 1 Table 2 for the two different gains used in the observation of sky radiance, "S" (sky) for scattering angles of more than 6 ø and "A" (aureole) for scattering angles of less than 6 ø .
There is a good agreement between the calibration coefficients obtained with these two very distinct methods, field and laboratory (less than 10% differences in all cases except at 670 nm, where there may have been a degradation of the filter between July 1993 and January 1994). The agreement is best between results on January 16, 1994, and April 1994 (most favorable conditions). The calibration coefficients obtained on site (January 16 and 29, 1994) agree to within 1%, but are lower than the coefficients obtained in the laboratory. The difference may be due to the decreasing performance of the lamps of the scattering sphere, which was not taken into account. On the other hand, the assumption made about aerosol type may introduce an error in the computation of the on-site calibration coefficients. Our results, however, are sufficiently accurate for the purpose of the study. 
where Io is the Sun intensity outside the atmosphere, actually the constant derived from the calibration after extrapolation to an air mass rn = 0, and D and Do are the Sun-Earth distances on the days of the measurements and of the calibration, respectively. Then, T is corrected for atmospheric gas absorption. In the spectral range used for our measurements, the only band strongly affected by the absorption of gases is that centered at 670 nm (absorption by ozone). The total ozone content has been obtained from TOMS (total ozone monitoring sensor) data and was highly variable during the campaign. Table 4 ). After subtraction of the stratospheric component, one may deduce the tropospheric component of the aerosol optical thickness, %,tropo(870), which is presented in Figure 5c . Most of the values of %,tropo(870) are below 0.1.
As detailed below (section 5), the accuracy of the aerosol optical thickness retrieved from the measurements is a few 10 -2. The stratospheric aerosol contribution derived from SAGE data is known with an accuracy of better than 0.005, which represents the dispersion of the measurements acquired in the vicinity of La Jolla (Table 4) The ,•mgstr6m coefficient of the stratospheric component is also well known from the SAGE experiment (see Table 4 This procedure implies some simplifications: A singlescattering approximation for the expression of the aerosol radiance is used, the ground effect is neglected, and the result is actually the product of the phase function and the singlescattering albedo ("pseudo" phase function). The analysis has been restricted to the morning data, before local noon, to minimize the ground effect: At scattering angles of 90 ø and 120 ø , the atmospheric path is above the ocean surface, and, therefore, the reflection from the land is reduced (but not negligible). Because the retrieval of both the "pseudo" phase function and the ,•ngstr6m coefficient are increasingly inaccurate as the aerosol optical thickness decreases, the analysis has only been applied to observations involving an aerosol optical thickness above 0.075 at 870 nm.
As shown by the models of SF, as well as those of WMO, there is a tendency for the phase function to decrease around its minimum at about 100 ø, when the ,•ngstr6m coefficient decreases (see Table 1 and Figures la and lb) . This is the classical result of increasing the size of the particles whatever the refractive index, that one can check against the observa- Table 1 [1994] also report data on the spectral dependence, between 613 or 620, and 870 nm, of the aerosol radiance for the scattering angle of 120 ø , but they hardly show any correlation with a. Despite the limitation due to inaccuracy of the measurements, our data set is the first one to show that the spectral dependencies of the aerosol optical thickness and radiance are related according to the models. It is important to note that even though the SF models appear to represent the observations adequately, a major problem for atmospheric correction of satellite ocean color imagery is extrapolation to the visible of the aerosol information obtained using spectral bands in the near-infrared. The aerosol signal in the near-infrared is mainly affected by the coarse particle mode of aerosols; it contains little information about the accumulation mode. Yet the accumulation mode has strong scattering effects in the visible. Evaluating the accuracy of the extrapolation to the visible, however, is beyond the scope of the present study.
Accuracy of the Measurements
Accuracy of the derived parameters, that is, aerosol optical thickness, •ngstr6m coefficient, phase function, and spectral dependency of the aerosol reflectance, has been estimated. The various types of error have been regrouped into two major categories: (1) errors due to instrumentation and methods such as calibration, stability of the detectors, and accuracy of the formulas and of the exogen parameters used in the computations and (2) errors due two geophysical conditions such as the presence of clouds, stratospheric aerosols, or interaction between ground and atmosphere. In the following, errors in the computation of solar zenith angle, air mass, and Sun-Earth distance factor have been neglected. When no sign precedes the error, the error can be positive or negative. 
The results are dependent upon aerosol optical thickness, indeed (see Table 6b ). As for the aerosol reflectance, the error on e, decreases with increasing optical thickness, from 16% at r, = 0.03 to 6% at r, = 0.2. 5.1.4. Aerosol "pseudo" phase function. The relative error on the retrieved aerosol "pseudo" phase function is the sum of the relative error on the aerosol optical thickness and on the aerosol reflectance. An additional error results from the approximation of the aerosol reflectance (e.g., single-scattering approximation) and has been simulated for the model C70 and a scattering angle of 90 ø. Both errors are represented in Table  6c . Inaccuracy is large for small aerosol amount (up to 50% for % = 0.03) and decreases with increasing aerosol optical thickness.
Errors Due to Geophysical Conditions
Errors due to geophysical conditions are more difficult to estimate. The presence of stratospheric aerosols perturbs the retrieval of tropospheric aerosol parameters. We have seen (section 4.1) that a significant relative amount of stratospheric aerosol exists. Another perturbation may be the presence of clouds, contaminating either Sun measurements, sky measurements, or both. We concentrated our measurements during clear days, but the presence of invisible thin cirrus is always possible. A third type of error, which can occur during retrieval of phase function from ground-based measurements, is due to interaction between ground and atmosphere [Yang et al., 1995] . This interaction does not exist or is negligible for observations from a boat or a small island, but is crucial for ground-based measurements performed in coastal (or continental) regions.
Since the coastline is approximately in the north-south direction at the SIO pier, the Sun is above the land surface in the morning, and the sky radiance measurements of 9(60 ø ) to 9(120 ø ) are made with the instrument viewing above the ocean surface. In this configuration the ground effect is negligible. In the afternoon, 9(60 ø ) to 9(120 ø ) are measured over the land surface, and interaction between surface reflection and atmospheric scattering may not be negligible any more.
Simulations were performed in order to study the land surface effect. Sky radiances, as seen from the ground, were simulated at 870 nm for the models T70 and M98 with two aerosol amounts (Za = 0.1 and Za = 0.2 at 870 nm) for a solar zenith angle of 39.9 ø, 62.1 ø, and 80.7 ø. Several values of the ground reflectance were used, namely 0, 0.2, 0.5, and 1 (academic case). Table 6d summarizes the results and gives the normalized radiance of the sky R, and the relative error, [deducedexact]/exact, due to neglecting the coupling term. Neglecting the interaction between land surface reflection and atmospheric scattering overestimates the derived aerosol phase function. We can also notice that in Table 6d the coupling between ground and atmosphere is more important for a small solar zenith angle.
Interaction between glitter and atmosphere was also studied. At our coastal site, where land is to the east, during the morning the glitter can only influence the directions at a lower elevation from the direction of specular reflection, but these directions are not used for sky radiance measurement. During the afternoon, however, the glitter influence is effective. The normalized radiance of the sky for models T70 and M98 has been computed, for a scattering angle of 90 ø, a black surface and no glitter (a flat water surface), and a water surface agitated by a wind speed of 10 m s -•. For the relation between wind speed and wave slope we used the theory developed by Cox and Munk [1954] . We found (see Table 60 ) that the effect of interaction between glitter and atmosphere is small compared to that of interaction between ground and atmosphere, except at large Sun zenith angles. The total error A ra is the quadratic sum of error resulting from the determination of the calibration coefficient Io, the Rayleigh optical thickness rr, the ozone transmission ta, and the temperature correc- It should be noted that our measurements were made during the winter season only. One expects similar results for the other seasons, however, because the region does not experience drastic weather changes during the year. In summer, sea breezes are well developed, and they produce thick coastal fog that can extend inland. Subsidence generates strong temperature inversions, with pollutants and moisture concentrated under the base of the inversion, resulting in stratocumulus clouds. These pollution conditions, however, can hardly be sampled using Sun photometry, because of the cloud cover. In winter the subsidence and temperature inversions are weaker, and they may be destroyed by the passage of cyclones, facilitating the dispersion of pollutants. In the fall and early winter, the Pacific high occasionally extends eastward, producing a southwestward flow across California. In the Los Angeles basin the resulting wind is calm, and the effect is more high temperatures and low relative humidities (Santa Ana conditions). We may not have sampled Santa Ana conditions, but many of our measurements were made in the presence of easterly winds.
The level of aerosol loading, via the aerosol optical thick- 
Aerosol Models for Atmospheric Correction of Ocean Color
For atmospheric correction of satellite ocean color radiances, Gordon and Wang [1994] propose to use models derived from Shettle and Fenn [1979] , namely, two basic components, maritime and terrestrial models, and a mixture of these two components, a coastal model. In each of these models, physical and optical properties are parameterized as a function of humidity. We have examined whether the selected models are representative of realistic conditions and whether they should be complemented by other models, such as WMO or any other Based on our analysis of data and models, we can also make These findings and remarks might help design the atmospheric correction scheme. At low optical thickness, under stable stratospheric conditions, it would be appropriate to specify the background model regionally. At larger optical thickness, more variability in the models would be useful to account for the different local sources of aerosols, and thus of perturbations. 
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